Due to the strongly coupled electrical properties between S, ρ, and κ E , simply tuning one of these parameters usually leads to a compensation in the others, resulting in the difficulty for enhancing zT. One successful strategy for improving zT is to enhance the power factor S 2 /ρ through band engineering, [2] [3] [4] [5] [6] [7] provided the carrier concentration is optimized. [8] The other effective strategy is typified by minimizing the only one independent material property, the lattice thermal conductivity (κ L ), through nanostructuring, [9] [10] [11] [12] [13] [14] [15] liquid phonons, [16, 17] and lattice anharmonicity. [18, 19] Among the above strategies for lowering the lattice thermal conductivity, the commonness relies on the enhancement of the scattering on the phonons. It is well known that the lattice thermal conductivity (κ L ) in a solid depends essentially on the heat capacity at a constant volume (C v ), the sound velocity (v), and the mean free path (l) via κ L = 1/3C v vl. The above strategies for reducing κ L , put the emphasis on the phonon scattering for shortening the phonon mean free path. Alternatively, it can be seen as well that a low heat capacity should lead to a low κ L , however, there are very few demonstrated strategies to lower C v . This quantity can usually be approximated by the Dulong-Petit constant (≈3k B /atom, where k B is the Boltzmann constant) for a Debye solid at high temperatures when thermoelectric power generation becomes important, leading to an approximation of κ L = k B vl.
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This leaves an important approach in the community of thermoelectricity, but has been so far rarely emphasized on, for seeking a low lattice thermal conductivity in materials with a low sound velocity. Crystalline solids with a low sound velocity should ideally behave as "phonon-glass electron-crystal" [20] thermoelectric materials. Many of the recent efforts have been taken to seek for new thermoelectrics of intrinsic ultra-low thermal lattice thermal conductivity, which were usually ascribed to the complex crystal structure, [21] large molecular weight, [22, 23] or lattice distortion. [24] The essentiality for the minimal lattice thermal conductivity and therefore the high thermoelectric performance, is partially due to the low sound velocity as well, resulting from its weak chemical bonds and heavy atomic mass of constituent elements. [25] When the medium varies from a gas to a liquid and then to a solid, a sound wave travels faster and faster, which roughly indicates that a weakly bonded medium reduces its velocity. The sound velocities of the longitudinal (v s ) and transverse (v t ) waves propagating in a homogeneous 3D
Conventional strategies for advancing thermoelectrics by minimizing the lattice thermal conductivity focus on phonon scattering for a short mean free path. Here, a design of slow phonon propagation as an effective approach for high-performance thermoelectrics is shown. Taking Ag 8 SnSe 6 as an example, which shows one of the lowest sound velocities among known thermoelectric semiconductors, the lattice thermal conductivity is found to be as low as 0.2 W m −1 K −1 in the entire temperature range. As a result, a peak thermoelectric figure of merit zT > 1.2 and an average zT as high as ≈0.8 are achieved in Nb-doped materials, without relying on a high thermoelectric power factor. This work demonstrates not only a guiding principle of low sound velocity for minimal lattice thermal conductivity and therefore high zT, but also argyrodite compounds as promising thermoelectric materials with weak chemical bonds and heavy constituent elements.
Introduction
Thermoelectric (TE) energy conversion based on the Seebeck or Peltier effects, has been utilized for powering deep-space missions or cooling sensitive electronics for decades. [1] The efficiency of the thermoelectric material is determined by the dimensionless figure of merit, zT = S 2 T/ρ(κ E + κ L ), where S is the Seebeck coefficient, ρ is the electrical resistivity, κ E and κ L are the electronic and the lattice contribution to the thermal conductivity, and T is absolute temperature, respectively. The large family of the argyrodite compound with a common formula of Ag I 8 M V X VI 6 (M = Si, Ge, Sn and X = S, Se, Te), have been wildly considered as ionic conductors. [26] The existence of highly mobile silver ions suggests its weakly bonding to chalcogen anions. [27] Most importantly, these compounds with heavy elements are found to have the lowest sound velocity (v) of 1000-1500 m s −1 among known thermoelectric semiconductors (v > 1500 m s −1 ) as surveyed in Table S1 (Supporting Information).
Experimentally, Ag I 8 M V X VI 6 argyrodite semiconductors indeed show an ultra-low lattice thermal conductivity of 0.2-0.3 W m −1 K −1 and therefore good thermoelectric performance without relying on outstanding electronic properties. For instance, the intrinsic compounds Ag 8 GeTe 6 [28, 29] and Ag 8 SiTe 6 [30] show a low lattice thermal conductivity, contributing to a zT of ≈0.5 at high temperatures. A further optimization on the carrier concentration leads to an increased zT of ≈0.8 in Ag 8 GeTe 6 . [31] Guided by the above concept on low sound velocity for thermoelectrics, this work takes Ag 8 SnSe 6 as an example, a material with the lowest sound velocity in known thermoelectric semiconductors and cheaper element Se as compared with the previously reported tellurides. Ag 8 SnSe 6 shows a lattice thermal conductivity of only ≈0.2 W m −1 K −1 , being one of the least thermally conductive dense solids. [18, 21, 30, 31] In order to realize the high zT in this ultra-low lattice thermal conductivity material, the carrier concentration is optimized through Nb-doping on the Sn site without an expectation on a change in the sound velocity. As a result, a thermoelectric figure of merit, zT > 1.2 is achieved at high temperatures. Further due to the ultra-low lattice thermal conductivity in the entire temperature studied, the average zT of ≈0.8 promotes this material as a superior candidate for power generation application at elevated temperatures. This work not only demonstrates the validity of low sound velocity for thermal insulators but also a new family of compounds with promising thermoelectric performance.
Result and Discussion
The detailed crystal structure of the Ag 8 SnSe 6 has been well investigated in the literature. [32] As shown in Figure 1a ,b, Ag 8 SnSe 6 crystallizes either in a low-temperature orthorhombic (Pmn21, β-Ag 8 SnSe 6 ) or a high-temperature cubic (F4-3m, γ-Ag 8 SnSe 6 ) structure. The X-ray diffraction pattern (XRD) of the Ag 8 Sn 1−x Nb x Se 6 samples (x ≤ 0.05) can be well indexed to the corresponding Pmn21 structure [32] at room temperature, as shown in Figure 1c , indicating the high purity. The phase purity can be further confirmed by the transmission electron microscope (TEM) observations as shown in Figure 2 .
From the low-magnification TEM image as shown in Figure 2a , uniformly distributed small precipitates in an average size of ≈5 nm (in dark) are observed. The volume concentration of these nanostructured precipitates is estimated statistically to be <2%. According to the energy-dispersive X-ray spectro scopy (EDS) mapping, the precipitates are enriched in Ag with an average Ag:Sn:Se mole ratio of 76.5:14:9.5. However, the highmagnification TEM image indicates a negligible lattice distortion between the precipitates and the matrix, suggesting the same crystal structure for these precipitates. Moreover, the electron diffraction patterns (EDP) along both [ Nb-doping at Sn site enables a Hall electron concentration varying from 10 16 to 10 19 cm −3 , which is very helpful for understanding the transport properties for n-type Ag 8 SnSe 6 . It is seen that Nb-doping increases the Hall carrier concentration (n H ), however a quantitative relationship between x and n H is uneasy to estimate unfortunately. Because the carrier concentration quickly saturates at a very low value of <10 19 cm −3 with Nb-doping, a precise control of the carrier concentration is difficult. Since the transport properties directly depend on the carrier concentration, the room temperature Hall carrier concentration is used to identify the samples. It should be noted that the hysteresis on the transport properties is initially big but vanishes after a couple of thermal cycles.
As shown in Figure 3a , the hall carrier concentration (n H ) dependent Seebeck coefficient can be well predicted by a single parabolic band (SPB) model at both 300 and 500 K. The single band transport can be evidenced from the literature band structure calculation. [33] The model assumes a carrier scattering by acoustic phonons, which is evidenced from the temperature (T) dependent Hall mobility (μ H ) of μ H ∼ T −1.5 as shown in Figure 3b . It should be noted that the beta to gamma phase transition at ≈350 K affects the transport properties significantly. The single parabolic band model has shown great success on the prediction for thermoelectric transport properties in many thermoelectrics. [34] [35] [36] [37] [38] [39] The single parabolic band model further enables an estimation on the density of states effective mass (m*) and the deformation potential coefficient (E def , scattering strength), [40] which is shown in Figure 3c . Interestingly, both m* and E def are found to be independent of temperature and doping concentration, indicating a rigid band behavior for Ag 8 Sn 1−x Nb x Se 6 . Not only an m* of 0.2 m e (m e is the free electron mass) but also an E def of ≈25 eV falls in a typical range for thermoelectric semiconductors. [8, 35, 37, 41, 42] However, the Γ conduction band in Ag 8 SnSe 6 comes with a valley degeneracy (N v ) of only one, [33] while conventional thermoelectrics have an N v of 4 or higher. [2, 37, [43] [44] [45] This should lead to its electronic performance not as promising as conventional thermoelectrics, which can be seen from the temperature-dependent Seebeck coefficient and resistivity as shown in Figure 4a ,b, respectively. The resulting maximum thermoelectric power factor (S 2 /ρ) of ≈6 μW cm −1 K −2 is much lower than 20-40 μW cm −1 K −2 that is normally seen in conventional thermoelectrics. [6, 10, 37, [45] [46] [47] [48] Most interestingly, the thermal conductivity (κ) and its lattice conductivity (κ L ) are found to be extremely low as shown in Figure 4c . κ L is determined by subtracting the electronic contribution (κ E = LT/ρ) from κ, with the Lorenz factor (L) is determined by the SPB model. Similar to many argyrodites reported so far, [28] [29] [30] [31] 49] the observed κ L of ≈0.2 W m −1 K −1 in the entire temperature range, is one of the lowest for dense bulk solids. Moreover, in the presence of Nb-doping, the sound velocity of Ag 8 Sn 1−x Nb x Se 6 (Table S1, Supporting Information) shows no observable difference, which is reasonable since the crystal structure and the composition do not change much. The κ L ranging from 0.2 to 0.4 W m −1 K −1 at 600 K could possibly result from the uncertainties due to the total thermal conductivity (κ) measurement and the estimation of its electronic component (κ E ), because the κ is extremely low (<0.6 W m −1 K −1 ) and largely (≈50%) comes from κ E . The most important is that the absolute value of the lattice thermal conductivity (κ L ) is extremely low for all the samples due to the low sound velocity, further leading to a zT as high as 1.1 in Ag 8 SnSe 6 without Nb-doping. It should be noted that argyrodite compounds usually undergo phase transitions, and most of the available sound velocities are measured at room temperature only. The commonality for this family of compounds is the similarly low values of both the sound velocity and the lattice thermal conductivity, regardless the crystal structures or the compositions. Although the sound velocity measurement is inaccessible here at temperatures other than room temperature, it should be similarly low for Ag 8 SnSe 6 in both high and low-temperature phases since the lattice thermal conductivity does not show any observable anomaly due to the phase transition. A statistical sound velocity measurement in this work, based on ten different Ag 8 Sn 1−x Nb x Se 6 samples at room temperature, shows an average value of 1522 m s −1 , which is lower than that in the literature. [50] The standard deviation of this measurement is 1.4%, and the deviation between the measurement by the technique used here and that from literatures for a few different thermoelectric materials is <13% (Table S1 , Supporting Information).
To shed light on the possible origin of the extremely low lattice thermal conductivity of Ag 8 SnSe 6 , we carried out the phonon dispersion calculation for room temperature phase as shown in Figure 4d . The most important feature relating to its extraordinary κ L is the low sound velocities for the acoustic phonons. The theoretical sound velocities are 1189, 1318, and 2524 m s −1 for the two transverse and one longitudinal acoustic phonons, respectively. The averaged sound velocity is 1400 m s −1 , which is among the lowest values of all known good thermoelectric materials (Table S1 , Supporting Information). This can be traced back to the overall weak chemical bonds due to the high content of the weakly bonded monovalent Ag ions, similar to other superionic compounds with group IB elements. [51, 52] These Ag ions also introduce low-frequency optical phonons. Taking the lowest frequency optical phonon (25 cm −1 ) at Γ point for an example, its eigenvector clearly shows the localized vibrations from multiple Ag ions. This is just one typical optical phonon induced by Ag, and these dispersionless optical phonons are densely distributed from 20 to 70 cm −1 (Figure 4d ). These optical phonons barely contribute to the phonon transport due to their very low sound velocities. On the other hand, the scattering channel of the phonon-phonon interaction is greatly enhanced, [53, 54] leading to an additional κ L reduction mechanism as reported previously. [17] It is thus conclusive that the low sound velocity, together with the low frequencies of the optical phonons, are responsible for the low κ L of Ag 8 SnSe 6 . It is commonly believed that a high sound velocity fundamentally leads to a high lattice thermal conductivity according to κ L = 1/3C v vl. This can be clearly seen from the sound velocity dependent lattice thermal conductivity at room temperature for known semiconductors as surveyed in Figure 5a and Table S1 (Supporting Information). However, the lattice thermal conductivity depends on the mean free path (l) as well, which is determined by the phonon scattering. This complicates the discussion on how sound velocity affects κ L directly. Assuming that a maximal phonon scattering (i.e., minimal l) has been achieved for different materials, the resulting lattice thermal conductivity should be closely proportional to the sound velocity.
This can be evidenced from Figure 5b , where the relationship between the sound velocity and the minimal lattice thermal conductivity measured experimentally (κ L min ) is given for current well-studied thermoelectrics. In this way, one can see a clear guiding principle of low sound velocity for minimal lattice thermal conductivity in practical thermoelectrics with a broad range of bonding stiffness.
Unlike conventional thermoelectrics that usually require a high power factor, [6, 10, [37] [38] [39] [40] Ag 8 Sn 1−x Nb x Se 6 studied here presents a superior zT of 1.2 or higher, solely relying on an extremely low lattice thermal conductivity due to its minimal sound velocity. The temperature-dependent figure of merit zT is shown in Figure 6a . These samples not only exhibit high peak zT but also a high average zT in the whole temperature range. The statistic average zT over the entire temperature range, for nine samples with different carrier concentrations (1-7 × 10 18 cm −3 ), reaches ≈0.8, which is quite comparable with conventional thermoelectric PbTe [55] and CoSb 3 [56] (Figure 6b ).
Summary
In summary, a family member of semiconducting argyrodites, Ag 8 SnSe 6 with carrier concentration in a broad range is studied. This exemplary material shows an extremely low lattice thermal conductivity of ≈0.2 W m −1 K −1 in the entire temperature, due to the low sound velocity. Without relying on a high power factor, which is usually required in conventional thermoelectrics, a peak zT of >1.2 and an average zT of ≈0.8 are still achievable in Ag 8 SnSe 6 , not only suggesting argyrodites as promising thermoelectrics but also demonstrating a strategy of low sound velocity for thermoelectrics in general.
Experimental Section
Polycrystalline samples of Ag 8 SnSe 6 were synthesized by melting the stoichiometric amount of high purity elements (>99.99%) at 1173 K for 6 h, quenching in cold water and annealing at 900 K for 3 d. In this study, various dopants including niobium (Nb), vanadium (V), zinc (Zn), cadmium (Cd), antimony (Sb), and bismuth (Bi) were used to tune the carrier concentration. It is found that Nb-doping is the most effective dopant, presumably due to its strong tendency to be pentavalent and the most comparable size between Nb 5+ and Sn 4+ . Therefore, this work focuses on Nb-doping with the stoichiometric composition of Ag 8 Sn 1−x Nb x Se 6 (x ≤ 0.05). The obtained ingots were hand ground into fine powder for hot pressing at 900 K for 30 min under a uniaxial pressure of ≈65 MPa. The pellet samples for measurements were ≈12.0 mm in diameter and ≈1.5 mm in thickness and the density (d) is higher than 96% of theoretical value.
The details on the microstructural characterizations including powder X-ray diffraction and (scanning) transmission electron microscope [(S)TEM], the measurements of the transport properties including resistivity, Seebeck coefficient, Hall coefficient, and thermal conductivity were given elsewhere. [5, 7] Measurements of sound velocities were carried out on the pellet samples at room temperature. Longitudinal and transverse sound velocities were measured using pulse-receiver (Olympus-NDT) equipped with an oscilloscope (Keysight). Shear gel (Olympus) and water were used as couplants between the sample and the ultrasonic transducers for transverse and longitudinal sound velocity measurements, respectively.
Lattice dynamics for Ag 8 SnSe 6 was investigated with the frozen phonon method [57] which was implemented in the Phonopy package. [58] The structure of Ag 8 SnSe 6 is the low-temperature phase with all the atoms ordered. The initial structures and atomic positions are taken from the reference. [32] A 2 × 2 × 2 supercell (with 240 atoms in total) of the fully relaxed formula unit was constructed, and the HellmannFeynman forces for the supercells with small displacements (2 pm for each nonequivalent atom) were calculated. The k-mesh was 6 × 6 × 4 for unit cell, and 3 × 3 × 2 for supercells with displacements. First-principles calculations were performed within the Vienna ab initio simulation package (VASP). [59] Generalized gradient approximation (GGA) functional and projected augmented wave (PAW) methods [60, 61] were used. The convergence criteria were set to be 10 −4 eV Å −1 for structural relaxation of the unit cell, and 10 −7 eV for static calculations of displaced supercell to ensure the accuracy of phonon results. The plane wave cutoff was 300 eV. After the phonon dispersion was obtained, the sound velocity for each acoustic phonon mode was calculated by averaging the zone-center velocities along different directions.
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